Human dual-specificity phosphatases CDC25 (A, B and C) play an important role in the control of cell cycle progression by activating the cyclin-dependent kinases (CDKs). Regulation of these phosphatases during the cell cycle involves post-translational modifications such as phosphorylation and protein-protein interactions. Given the suspected involvement of the protein kinase CK2 at the G2/M transition, we have investigated its effects on the CDC25B phosphatase. We show that in vitro CK2 phosphorylates CDC25B, but not CDC25C. Mass spectrometry analysis demonstrates that at least two serine residues, Ser-186 and Ser-187, are phosphorylated in vivo. We also report that CDC25B interacts with CK2, and this interaction, mediated by the CK2b regulatory subunit, involves domains that are located within the first 55 amino acids of CK2b and between amino acids 122 and 200 on CDC25B. This association was confirmed in vivo, in Sf9 insect cells and in U 2 OS human cells expressing an HA epitope-tagged CDC25B. Finally, we demonstrate that phosphorylation of CDC25B by protein kinase CK2 increases the catalytic activity of the phosphatase in vitro as well as in vivo. We discuss the possibility that CDC25B phosphorylation by CK2 could play a role in the regulation of the activity of CDC25B as a starter of mitosis.
Introduction
In human cells, three different Cdc25 genes have been identified to date, coding for CDC25A, B and C proteins (Sadhu et al., 1990; Galaktionov and Beach, 1991; Nagata et al., 1991) . These proteins share a high degree of identity in their carboxy-terminal catalytic domain (65%), but are more divergent in their amino-terminal moiety, which is thought to be a regulatory domain. CDC25A is present in G1 phase and appears to play a role in the initiation of DNA replication by controlling the dephosphorylation, and therefore, the activation of CDK2/Cyclin E and CDK2/Cyclin A complexes (Hoffmann et al., 1994; Jinno et al., 1994; Blomberg and Hoffmann, 1999) . It is also well established that CDC25C regulates entry into mitosis by upregulating the activity of CDK1/Cyclin B at the G2/M transition (Hoffmann et al., 1993) . The precise role of CDC25B is less clear. Its phosphatase activity is detectable from S phase to mitosis, and controversial sets of results suggest a role for CDC25B in the progression into S phase (Garner-Hamrick and Fisher, 1998) , in G2 phase or at the G2/M transition (Gabrielli et al., 1996; Lammer et al., 1998; Karlsson et al., 1999) . This apparent controversy may reflect the existence of subpopulations of CDC25B, which act at different stages of the cell cycle, in specific subcellular compartments. Alternatively, various CDC25B isoforms, resulting from alternative splicing (Baldin et al., 1997b; Forrest et al., 1999) , could target different sets of substrates.
The activity of all CDC25 is tightly regulated and several post-translational modifications are implicated. It has been demonstrated that the activity of CDC25C is upregulated by CDK1/Cyclin B phosphorylation, thus creating an autoamplification loop that drives the cell into mitosis (Hoffmann et al., 1993) . Other kinases, such as polo kinase family members, may also activate CDC25C at mitosis (Roshak et al., 2000) . A similar mechanism of autoamplification of its activity has been described for CDC25A with the CDK2/Cyclin E complex at the G1/S transition (Hoffmann et al., 1994) . Phosphorylation can also negatively control CDC25 activity, either by regulating its subcellular localization or its stability. During interphase or following various DNA injuries, C-TAK1 (Cdc Twenty-five Associated kinase) (Peng et al., 1998) and checkpoint kinases, CHK1 and CHK2 (Sanchez et al., 1997; Matsuoka et al., 1998) , respectively, phosphorylate serine 216 on CDC25C, thus preventing its inappropriate activation. This phosphoserine acts as a docking site for members of 14-3-3 family (Baldin, 2000; Muslin et al., 1996) , which play a critical role in the cytoplasmic localization of CDC25C (Dalal et al., 1999; Graves et al., 2001) . Recently, we have also shown that the cytoplasmic retention of CDC25B requires its interaction with 14-3-3 proteins (Davezac et al., 2000) and that the integrity of the serine 323 is necessary to allow the interaction with 14-3-3 proteins (Mils et al., 2000) . Phosphorylation of CDC25 is also an important event that controls its stability: we have shown that phosphorylation of CDC25B by CDK1/Cyclin A complex triggers its proteasome-dependent degradation (Baldin et al., 1997a) . More recently, Falck et al. demonstrated that, following exposure to ionizing radiation, CHK2 mediated the phosphorylation of CDC25A on serine 123, leading to its degradation (Falck et al., 2001) .
Protein kinase CK2 (formerly casein kinase II) is a serine/threonine protein kinase that is messenger-independent, highly conserved and ubiquitously expressed. CK2 is a heterotetramer composed of two catalytic (a and a 0 ) and two regulatory b subunits combined to form a 2 b 2 , a 0 ab 2 and a 0 2 b 2 (Pinna and Meggio, 1997) . CK2 phosphorylates a great number of substrates (Pinna and Meggio, 1997) involved in essential processes, including cell cycle regulation and cell growth (Allende and Allende, 1995) . Genetic studies in Saccharomyces cerevisiae and in Schizosaccharomyces pombe showed that CK2 is essential for cell viability (Padmanabha et al., 1990; Snell and Nurse, 1994) ; for instance, the simultaneous disruption of the genes encoding the catalytic subunits, cka1 and cka2 in S. cerevisiae is lethal (Padmanabha et al., 1990) . A set of other results also suggested an essential role of CK2 in the control of cell cycle progression in the budding yeast (Hanna et al., 1995) . It was demonstrated that, at nonpermissive temperature, mutant CK2 strains displayed a dualarrest phenotype consisting of 50% of cells in G1 and 50% in G2/M. Analysis of hydroxyurea-synchronized cells also confirmed that CK2 is needed for cell cycle progression in the G2/M phases (Mulner-Lorillon et al., 1988; Hanna et al., 1995) . In mammalian cells, a possible role for CK2 at G2/M has been suggested from results of various experimental approaches. In 3T3 L1 fibroblast cells, the increased expression of CK2b was shown to cause accumulation in G2/M, suggesting a role of CK2 at this point of the cell cycle (Li et al., 1999) . Furthermore, both types of CK2 subunits can be phosphorylated by CDK1 in vitro and in intact cells during mitosis (Litchfield et al., 1992; Bosc et al., 1995) . In addition, CDK1 itself can be phosphorylated by CK2 (Russo et al., 1992) and CK2 has been implicated in the phosphorylation of cyclin B, which regulates its nuclear translocation (Li et al., 1997b) . More recently, several proteins including the phosphatase PTP-S2 (Nambirajan et al., 2000) , the SIX1 homeodomain (Ford et al., 2000) and the Topoisomerase II (Escargueil et al., 2000) , were found to be phosphorylated by CK2 during mitosis. All these data suggest that CK2 plays a role in the control of the cell cycle and, particularly, at the G2/M transition.
In the present study, we report that protein kinase CK2 phosphorylates CDC25B, but not CDC25C. We identify serines 186 and 187 as two phosphorylation sites (by mass spectrometry analysis of phosphorylated proteins (Mann et al., 2001; McLachlin and Chait, 2001) ), located in the N-terminal regulating domain of the protein. Both enzymes interact physically in vitro as well as in vivo, and this interaction is mediated by the b subunit of CK2. Finally, we demonstrate that the CK2 kinase upregulates the catalytic activity of CDC25B, both in vitro and in vivo. We suggest that, in vivo, posttranslational modifications of CDC25B by CK2 could play a role in the regulation of the activity of CDC25B as a starter of mitosis.
Materials and methods

DNA constructs
Human cDNA encoding the full-length CDC25B1, B2, B3 and N-terminal deletion mutants were cloned in pET14b (Novagen) as described previously (Mils et al., 2000) .
HA-CDC25B cDNA in pUHD10 was created as follows: a haemagglutinin A (HA) (3X)-Tag cDNA was amplified by PCR with the primers 5 0 -gatagaattcatgtacccatacgatcgatgttcctg-3 0 (HA forward) and 5 0 -ctagagttctagagcggccg-3 0 (HA reverse), cut with EcoRI-XbaI and inserted at the same sites into pUHD10-3 to create pUHD10-HA. Human CDC25B cDNA cloned in pET14b was digested by NdeI-partial NcoI, filled with Klenow and inserted into pUHD10-HA, digested by XbaI and treated by Klenow.
A 2.1 kb SmaI fragment of full-length human CDC25B3 encoding amino acids 30-600 was subcloned into SmaIdigested pGEX-KG (Pharmacia) to create GST-CDC25B3. pGEX-2T containing the entire open reading frame of human CDC25C (Hoffmann et al., 1993) was a gift from Dr G Draetta.
Mutation of serines 186 and 188 (A/G) and triple mutant serines 186/187 and 188 (A/A/G) were generated by PCR mutagenesis on pcDNA 3 -HA-CDC25B3 plasmid (Davezac et al., 2000) using the following primers: 5 0 -gccggcagcgctggggaagacaaggagaat-3 0 (sense), 5 0 -gctgccggcggcgctggggaagaaca-3 0 (sense) and their corresponding antiparallel, respectively, and Kit GC (Clontech).
Cell culture and cell extracts
Spodoptera frugiperda (Sf9) cells were maintained at 271C in Insect Xpress medium (Biowhittaker) supplemented with 5% heat-inactivated fetal calf serum (Eurobio), gentamycin (250 mg/ml), amphotericin B (2.5 mg/ml), penicillin (100 U/ml) and streptomycin (100 mg/ml). For protein expression, Sf9 cells were plated at a density of 6 Â 10 4 cells/cm 2 1 day prior to infection, and then coinfected with recombinant baculoviruses coding for human CDC25B3 (C Cans and V Baldin, unpublished data), chicken CK2a and CK2b (Filhol et al., 1991) . At the indicated time post-infection, the cells were harvested and homogenized in lysis buffer (50 mm Tris-HCl, pH 7.5, 100 mm NaCl, 0.5% Triton X-100, 1% NP40) in the presence of protease inhibitors: leupeptin (5 mg/ml), aprotinin (5 mg/ml), trypsin inhibitor (10 mg/ml), TPCK (20 mg/ml), TLCK (20 mg/ml), PMSF (17 mg/ml), calpain inhibitor I (20 mg/ml), and phosphatase inhibitors: 50 mm NaF and 0.1 mm Na 3 VO 4 (except for phosphatase assays) for 35 min on ice, and centrifuged at 14 000 rpm for 10 min at 41C. U 2 OS-tTA cells, stably transfected with pUHD-15.1-neo expressing the tTA tetracycline repressor chimera, can express genes cloned into pUHD10 vectors in the absence of tetracycline. Cells were grown in Dulbecco's modified Eagle's CK2 regulates CDC25B phosphatase activity N Theis-Febvre et al medium supplemented with 10% heat-inactivated fetal calf serum, 250 mg/ml G418, 2 mm glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml) in a humidified atmosphere containing 5% CO2 at 371C. U 2 OS-tTA cells were cotransfected by pREP-Hygro and pUHD10-HA-CDC25B in a ratio of 1 : 10. Stably transfected cells and clones expressing CDC25B in the absence of tetracycline were selected in the presence of hygromycin (200 mg/ml). For experiments, cells were seeded at 10 6 cells per 10-cm-diameter plate in the presence of 1 mg/ml of tetracycline. At 24 h after seeding, cells were washed extensively with PBS to remove tetracycline and grown for 30 h before being harvested. Whole-cell extracts were obtained by lysing the cells in lysis buffer, supplemented with a cocktail of protease inhibitors (Baldin et al., 1997b) for 30 min on ice, and centrifuged at 14 000 rpm for 10 min to sediment the insoluble material.
Expression-purification of recombinant human CDC25B and CDC25C
PGEX-KG-CDC25B3 and pGEX-2T-CDC25C plasmids were transformed into Escherichia coli DH5a cells. The expression of both GST-fusion proteins was induced by 0.4 mm IPTG (isopropyl b-d-thiogalactoside) for 5 h at 251C. The fusion proteins were recovered as described by Smith and Johnson (1988) on glutathione-Sepharose beads and eluted by 20 mm glutathione in 50 mm Tris-HCl, pH 8, 50 mm NaCl, 1 mm EDTA, 2 mm DTT. The construction of the plasmid allowing the expression of MBP-CDC25B3 and the recombinant protein production will be described elsewhere.
In vitro kinase and phosphatase assays
We used purified CDC25B proteins immobilized on GSTbeads or immunoprecipitated with antibodies against a Cterminal peptide of CDC25B, from an in vitro transcription/ translation assay (TnT7 Quick, Promega) carried out in the presence or absence of 10 mCi of 35 S-Methionine (NEN). Proteins were incubated in 20 ml of kinase buffer (10 mm TrisHCl, pH 8, 5 mm MgCl 2 , 100 mm KCl, 10 mm b-mercaptoethanol, and 50 mm ATP) with purified recombinant CK2 (Filhol et al., 1991) and 2.5 mCi of 32 P-g-ATP (NEN) at 301C for the indicated times. The reaction was stopped by addition of 0.5 ml lysis buffer, and samples were centrifuged and resuspended in Laemmli sample buffer before being separated by SDS-PAGE and analysed by autoradiography or Western blot.
Peptide phosphorylation was performed in the abovedescribed kinase buffer: each peptide (200 mm) was incubated with 1 mCi of 32 P-g-ATP in the presence of purified CK2 (100 ng) at 301C for 30 min. The reaction was stopped by the addition of Tricine sample buffer and samples were analysed on 16.5% Tris-Tricine gel followed by autoradiography.
For phosphatase assay, samples were treated as described before, except that 1 mm ATP, 10 mg/ml of creatine kinase and 10 mm creatine phosphate were used for the kinase assay. The precipitates were washed twice with lysis buffer without NP40 in the absence of phosphatase inhibitors (NaF and Na 3 VO 4 ) and once with phosphatase buffer (30 mm Tris-HCl, pH 8.2, 75 mm NaCl, 0.67 mm EDTA, 0.033% bovine serum albumin, 1 mm DTT). CDC25B phosphatase activity was monitored using fluorescein diphosphate, FDP (Molecular Probes, Inc.), as substrate at a final concentration of 20 mm for 30 min at room temperature, as described by Rice et al. (1997) . Fluorescence emission from the reaction product was measured with a multiwell plate reader (Fluoroskan Ascent, Labsystems, excitation filter 485 nm; emission filter 538 nm).
For phosphatase assay using CDK1/Cyclin B as substrate, 10 ng of purified recombinant MBP-CDC25B3 wild type or mutant 2 (S186A/S187A/S188G) were used per assay in the same conditions as previously described (Cans et al., 1999) .
Mapping of the interaction between CDC25B and CK2b
Procedures for the expression and purification of GST-CK2a-HA (Heriche et al., 1997) MBP-CK2b (Chantalat et al., 1999) and GST-CK2b fusion proteins have been previously described. Purified proteins were separated on a 12% polyacrylamide gel and transferred to PVDF membranes. Membranes were blocked in BLOTTO (PBS with 0.05% Tween 20 and 3% W/V dried milk) overnight and incubated with the same amount of in vitro translated lysates for 1 h at 221C in PBS containing 0.05% Tween 20. Membranes were washed 4 times with the same buffer, dried and radioactivity was visualized using a PhosphorImager system (Molecular Dynamics).
Pull-down experiments were performed as follows: 100 ng of MBP or MBP-CK2b bound to amylose beads or 10 mg of GST, GST-CK2a-HA, GST-CK2b were incubated with in vitrotranslated CDC25B3 (wild type or amino-terminal deletion mutants) in interaction buffer (50 mm Tris pH 7.5, 100 mm NaCl, 50 mm NaF, 0.5% Triton X-100, 1 mm DTT) for 2 h at 41C. The beads were washed 5 times with 1 ml of interaction buffer, resuspended in Laemmli sample buffer before being separated by SDS-PAGE and analysed by autoradiography.
CDC25B3 in-gel digestion, Nano-LC-MS/MS analysis and database search
CDC25B3 was produced in Sf9 cells producing or not CK2 kinase, immunoprecipitated, separated by SDS-PAGE and detected using Coomassie blue staining. The CDC25B3 band was excised from the gel, cut into small pieces, and in-gel digestion was performed as described (Wilm et al., 1996) with minor modifications. After several washing steps to eliminate stain, the pieces of gel were dried under vacuum. Proteins were reduced with 10 mm DTT in 100 mm NH 4 HCO 3 for 35 min at 561C, and alkylated with 55 mm iodoacetamide in 100 mm NH 4 HCO 3 for 30 min at room temperature in the dark. The gel fragments were swollen in a covering volume of modified trypsin (Promega, Madison, WI, USA) solution (25 ng/ml in 50 mm NH 4 HCO 3 ) for 15 min in an ice bath. Trypsin digestion was performed overnight at 371C with shaking. The supernatant was pooled with two peptide extracts performed at 371C for 30 min with shaking in 5% formic acid in 50% acetonitrile. The peptide mixture was dried under vacuum and redissolved in 10 ml of 0.1% formic acid in 1% acetonitrile for nano-LC-MS/MS analysis.
The tryptic digest was analysed by on-line capillary HPLC (LC Packings) coupled to a nanospray LCQ ion trap mass spectrometer (ThermoFinnigan, San Jose, CA, USA). Peptides were separated on a 75 mm ID Â 15 cm C18 PepMapt column (LC Packings). The flow rate was set at 150 nl/min. Peptides were eluted using a 0-40% linear gradient of solvent B in 40 min (solvent A was 0.1% formic acid in 1% acetonitrile, and solvent B was 0.1% formic acid in 90% acetonitrile). The mass spectrometer was operated in positive ion mode at a 2.2 kV needle voltage and a 30 V capillary voltage. Data acquisition was performed in a data-dependent mode consisting of, alternatively in a single run, a full scan MS over the range m/z 370-2000, and a full scan MS/MS in an exclusion dynamic mode. MS/MS data were acquired using a 3 m/z units ion isolation window, a relative collision energy of 35%, and a dynamic exclusion duration of 0.5 min. The SEQUEST search CK2 regulates CDC25B phosphatase activity N Theis-Febvre et al engine (Eng et al., 1994) was used for protein identification by searching against a nonredundant human database with MS/ MS spectra. The identification of phosphorylation sites resulting from a SEQUEST search was confirmed by manual interpretation of corresponding MS/MS data.
Antibodies and immunological methods
Monoclonal antibody 12CA5 against haemagglutinin (HA)-Tag was obtained from Roche Molecular Biochemicals. Polyclonal rabbit antibodies directed against human CDC25B (raised against a C-terminal peptide or N-terminal part of the protein) were obtained in our laboratory. Rabbit anti-chicken CK2a and b polyclonal antibodies, used for the immunoprecipitation, were produced as described Filhol-Cochet et al., 1994) . Monoclonal antibodies against CK2a (Calbiochem) and CK2b (Nastainczyk et al., 1995) were used for Western blot.
Immunoblotting and immunoprecipitation were performed as described previously (Baldin et al., 1993) .
Results
CDC25B, but not CDC25C is a specific substrate for CK2 kinase in vitro
We investigated the possible phosphorylation of CDC25B by protein kinase CK2. We produced the three CDC25B splice variants (B1, B2 and B3), by in vitro transcription/translation in rabbit reticulocyte lysate, and used recombinant purified holoenzyme CK2, produced in Sf9 insect cells. Kinase assays were performed in the presence of 32 P-g-ATP, and subsequent autoradiography (Figure 1a) revealed that the three variants of CDC25B were readily phosphorylated by purified CK2. A kinetic analysis of 32 P incorporation by each CDC25B variant was performed and, as shown in Figure 1b , all three were phosphorylated to the same extent, suggesting that CK2 phosphorylated each CDC25B variant with similar efficiency. In the light of this result, we decided to use only CDC25B3 for subsequent experiments.
To rule out the possibility that this phosphorylation was a nonspecific in vitro event, we next examined the ability of CK2 to phosphorylate CDC25C (a highly related protein containing several putative CK2 phosphorylation sites). Both proteins were translated in vitro ( Figure 1c , lanes 1 and 2) and incubated with CK2 (lanes 3 and 4). As shown, CK2 efficiently phosphorylated CDC25B (lane 3), but phosphorylated CDC25C very poorly (lane 4), suggesting that CDC25B was a specific substrate for CK2. To eliminate the possibility that post-translational modifications occurring in reticulocyte lysate were preventing CK2 phosphorylation of Figure 1 Phosphatase CDC25B, but not C, is a substrate of protein kinase CK2. (a) In vitro-translated CDC25B1, B2 and B3 were immunoprecipitated using an antipeptide antibody raised against the carboxy terminus of CDC25B. The immunoprecipitates were incubated in kinase buffer with 32 P-g-ATP in the presence of 100 ng of recombinant-purified CK2 for 30 min at 301C, followed by autoradiography (upper panel) or Western-blot analysis with the same antibody (lower panel). (b) Phosphorylation kinetics of the three variants were followed for 32 min under the same conditions as described above.
32 P quantification was performed using a STORM 840 imager (Molecular Dynamics) and is expressed in arbitrary units. The data are the average of three independent experiments. (c) 35 SMethionine-labelled (1, 2) or unlabelled (3, 4) in vitro-translated CDC25B3 (1, 3) and CDC25C (2, 4) were immunoprecipitated with their respective antibodies, incubated with purified CK2 in the presence (3, 4) or absence (1, 2) of 32 P-g-ATP for 30 min at 301C. Samples were separated on 8% SDS-PAGE and subjected to autoradiography. (d) GST-CDC25B3 (1, 2), GST-CDC25C (3, 4) or GST (5, 6) were purified and subjected to phosphorylation using (2, 4, 6) or not (1, 3, 5) CK2 kinase in the presence of 32 P-g-ATP for 30 min at 301. Proteins were separated on 10% SDS-PAGE, stained with Coomassie Blue (upper panels) and subjected to autoradiography (lower panels) CK2 regulates CDC25B phosphatase activity N Theis-Febvre et al CDC25C, we produced and purified recombinant fusion proteins GST-CDC25B3 and GST-CDC25C. These proteins were subjected to kinase assays in the presence or absence of purified CK2 (Figure 1d ). The autoradiography (lower panel) confirmed that CDC25C (lane 4) was a weak substrate for CK2 in vitro, as its phosphorylation was sixfold lower than that of CDC25B (lane 2). Thus, both results argue in favour of a specific phosphorylation of CDC25B by CK2. To ensure that no contaminating kinase copurified with either in vitro translated CDC25B or recombinant CK2, kinase assays were performed in the presence of two CK2 inhibitors: heparin and DRB (5,6-dichloro-1-b-d-ribofuranosyl benzimidazole) (Zandomeni et al., 1986) . Increasing concentration of heparin abolished CDC25B phosphorylation (Figure 2a ) and addition of DRB considerably reduced its phosphorylation (Figure 2b) .
Finally, we confirmed that CDC25B is a specific substrate for CK2 by comparing the ability of the holoenzyme (a 2 b 2 ) (Figure 2c , lane 1) and the monomeric CK2a (Figure 2c , lane 2) to phosphorylate CDC25B. We found that CDC25B was more efficiently phosphorylated by the heterotetramer (a 2 b 2 ) than by the monomer a (compare lanes 2 and 1). A kinetic analysis of 32 P incorporation into CDC25B (Figure 2c , right panel) indicates that CDC25B phosphorylation with monomeric CK2 was weak and reached its maximal level very rapidly. The relative 32 P incorporation in CDC25B, after 24-32 min incubation with monomeric CK2, represented only 33% of the phosphorylation level with heterotetrameric CK2. These results indicate that the presence of the b subunit of CK2 probably stimulates the kinase activity of the monomeric a subunit towards CDC25B, as it has previously been described for many CK2 substrates (Lin et al., 1991; Bidwai et al., 1992) . They also support the hypothesis that b subunit is required to recognize CDC25B as a substrate. Together, these data clearly show that CDC25B is a specific substrate of CK2 in vitro.
Identification of serines 186 and 187 of CDC25B as targets of CK2
The identification of sites phosphorylated in vivo by CK2 was first examined by nano-LC-MS/MS. CDC25B3, produced in Sf9 insect cells coexpressing or not the CK2 kinase, was immunoprecipitated by anti-CDC25B antibodies, separated on SDS-PAGE and the corresponding bands were in-gel digested with trypsin. Nano-LC-MS/MS data confirmed the identification of CDC25B (data not shown) and indicated a diphosphorylation on the peptide sequence 178-SEAGS-GAASSSGEDKENDGFVFK-200 (obtained from CDC25B3 coexpressed with CK2). The MS/MS spectrum of this diphosphorylated peptide is presented in Figure 3a . The observed fragment ions confirm the peptide sequence and the presence of two phosphate groups on serine residues (intense successive losses of two H 3 PO 4 groups from the precursor peptide, M 2+ ).
The ion at m/z 876.1 corresponding to the y 17 2+ ion bears two phosphate groups and thus indicates that the phosphorylation sites are located on two of the three underlined serine residues, 186-188. The presence of a weak y 14 ion suggests that a first phosphorylation is located on serine residue 186 and a second on Ser-187 or Ser-188. The precise localization of the phosphate group cannot be unambiguously established. However, when CDC25B3 was produced alone in Sf9 cells, a monophosphorylation of this peptide (AA 178-200) was recovered (data not shown), and the phosphorylation of the Ser-188 residue appeared less probable. These results are consistent with a putative phosphorylation site for CK2 according to the consensus sequence.
The two serine residues identified in vivo are located in the B domain of CDC25B (Figure 3b) . In order to confirm the data obtained in vivo, we used three peptides in kinase assays (Figure 3c ). One corresponded to the B domain of CDC25B, the second to a dodecapeptide (RRREDEESDDEE) classically used as CK2 substrate (Escargueil et al., 2000) , and the third one to the middle part of the B domain of CDC25B, excluding the putative phosphorylation site (dotted line in Figure 3b ). The ability of CK2 to phosphorylate these three peptides was evaluated by autoradiography after incubation with radiolabelled ATP in the presence of recombinant CK2 kinase. The results presented in Figure 3c show that the B domain of CDC25B was a good substrate for CK2 (lane 1) and was even more efficiently phosphorylated than the CK2-specific peptide (lane 2). In contrast, the third peptide (middle part of the B domain) was not phosphorylated (Figure 3c, lane 3) . The determination of 32 P incorporation into the B peptide (1.6 mol of phosphate/mol of peptide) argues in favour of the presence of two phosphorylated residues.
We then generated two full-length point mutants of CDC25B3, mutant 1 contained the substitution of Ser-186/Ser-188 to Ala-186/Gly-188 and mutant 2 had a triple mutation converting Ser-186/Ser-187/ Ser-188 to Ala/Ala/Gly, respectively. We tested the ability of CK2 to phosphorylate both wild type and mutant proteins. Comparison of the relative level of phosphorylation, presented in the histogram in Figure. 3d, shows that both mutant proteins were phosphorylated to a lesser extent than wild-type CDC25B: a decrease of 20 and 50% was observed. Thus, these results demonstrate that in vitro CK2 phosphorylation of CDC25B occurs on Ser-186 and Ser-187, which are the sites phosphorylated in vivo, as well as on additional unidentified other sites.
In vitro, CDC25B interacts with the b subunit of CK2
Although the data presented above demonstrated that CDC25B is phosphorylated by CK2, they did not indicate whether the two proteins are able to interact physically. We therefore assessed the ability of recombinant GST-CK2a and GST-CK2b to form a CK2 regulates CDC25B phosphatase activity N Theis-Febvre et al complex with 35 S-methionine-labelled in vitro-translated CDC25B3, using a pull-down experiment ( Figure 4a ) and a Far-Western approach ( Figure 4b ). As shown in Figure 4a , a specific interaction was detected between CDC25B3 and GST-CK2b (1-150) (lane 4) and more strongly with GST-CK2b (1-55) (lane 5). In contrast, an unspecific interaction was observed with GST-CK2a (lane 2), GST-CK2b (55-150) (lane 6), and with control GST protein (lane 3). Similar results were obtained using purified recombinant fusion proteins, transferred to a PVDF membrane, and incubated with the in vitro translated CDC25B3 (Figure 4b ). CDC25B interacted strongly with GST-CK2b (1-55) (lane 4), as well as with GST-CK2b (1-150) (lane 6) but weakly. The interaction detected with GST-CK2a (lane 2) and GST-CK2b (51-150) (lane 5) was comparable to the nonspecific interaction observed in this experimental condition with the GST protein (lane 3). Thus, from these two experiments we can conclude that CDC25B3 forms a complex with CK2, mediated by the b subunit and implicating the region containing amino acids 1-55.
We were next interested in determining the domains on the CDC25B3 protein that are involved in this interaction. To this aim, MBP pull-down experiments were performed. We used 35 S-methioninelabelled N-terminal CDC25B3 deletion mutants and recombinant purified MBP or MBP-CK2b loaded on amylose beads. As shown in Figure 4c , a CDC25B3 mutant, deleted from the 122 first amino acids (lane 4) was able to interact with MBP-CK2b. By contrast, no specific binding with MBP-CK2b was observed with a CDC25B mutant deleted from the 200 or 242 first amino acids (lanes 6 and 8, respectively). We conclude that the region of CDC25B3, including amino acid 123 up to amino acid 200, is required for the interaction with the b subunit of CK2. We therefore examined the interaction between each variant of CDC25B and the GST-CK2b (1-55) recombinant fusion protein using a Far-Western approach. The interactions of the three CDC25B with GST-CK2b (1-55) were similar (data not shown), indicating that there is no difference between CDC25B1, B2 and B3. 32 P quantification was performed using a STORM 840 imager (Molecular Dynamics) and is expressed in arbitrary units. These results are representative of three independent experiments CK2 regulates CDC25B phosphatase activity N Theis-Febvre et al b) ; lane 4, without peptide. Peptides (same amount of moles) were incubated with radiolabelled ATP in the presence of purified CK2 for 30 min at 301C, followed by electrophoresis and autoradiography. (d) In vitro-translated CDC25B3 wild-type and two point mutation mutants (S186A/S188G ¼ mutant 1), (S186A/S187A/ S188G ¼ mutant 2) were immunoprecipitated and incubated with radiolabelled ATP in the presence of CK2 for 30 min at 301C. Samples were subjected to electrophoresis prior to autoradiography. 32 P incorporation was quantified and normalized to the number of moles of each CDC25B protein and expressed as a percentage of the incorporation in the wild-type CDC25B3 . These results confirm the existence of an in vivo interaction between CDC25B and CK2. Next, we demonstrate that this interaction also exists in mammalian cells. For this purpose, we used U 2 OS cells engineered to express ectopic HA-tagged CDC25B3 in a tetracycline-repressible manner. CDC25B3 was efficiently produced and detectable with anti-CDC25B antibodies 30 h after tetracycline removal (Figure 5b , left panel, lane 3). We noticed that anti-CDC25 antibodies cross-reacted with a cellular protein in total cell extracts (Figure 5b , left panel, indicated by a star). When cell lysates were subjected to immunoprecipitation using CK2a antibodies, ectopically expressed HA-tagged CDC25B3 protein was found associated with CK2a as well as the CK2b subunit (Figure 5b, right panel, lane  3) . Similar results were obtained when we examined in vivo the interaction of CK2 with HA-tagged CDC25B1 and B2 (data not shown). Thus, the results obtained either in Sf9 insect cells or in mammalian U 2 OS cells demonstrate unambiguously that in vivo CDC25B phosphatase and CK2 kinase (a 2 b 2 ) are able to form a complex. The final question we addressed was obviously to investigate the consequences of this phosphorylation/ association. We therefore examined whether CK2 modulated the intrinsic phosphatase activity of CDC25B in vitro.
35 S-methionine-labelled in vitrotranslated CDC25B3 was immunoprecipitated with an anti-CDC25B antibody, incubated or not with purified recombinant CK2, and then subjected to a phosphatase assay in the presence of an exogenous substrate, fluorescein diphosphate (FDP) (Rice et al., 1997) . As shown in Figure 6a , CDC25B phosphatase activity was moderately but reproducibly upregulated (average of 1.3-fold of activation) after incubation with recombinant CK2, and this increase in activity paralleled the phosphorylation level of CDC25B (Figure 6a ). The activation of CDC25B after phosphorylation by CK2 was also measured on a more physiological substrate: CDK1/Cyclin B by monitoring the variation of the histone H1 kinase activity. As shown in Figure 6b , when CDK1/Cyclin B was incubated together with MBP-CDC25B3 phosphorylated by CK2 (lane 3), a 2.4-fold increase in the histone H1 kinase activity was observed, in comparison to its incubation with unphosphorylated MBP-CDC25B3 (lane 2). These results confirmed the activation of CDC25B3 after its phosphorylation by CK2 kinase and validated the data obtained with FDP as substrate. By contrast, no or a weak increase (1.4-fold) in CDK1/Cyc B kinase activity was observed when it was incubated together with MBP-CDC25B3 mutant 2 pretreated by CK2 (Figure 6b , right panel, lane 3). These results demonstrate that the phosphorylation of Ser-186 and Ser-187 residues by CK2 kinase on CDC25B is required to fully activate the phosphatase.
We then examined, in vivo, the activity of CDC25B phosphatase expressed together with CK2 kinase in Sf9 insect cells (Figure 6c) . Comparison of the phosphatase activity of CDC25B3, immunoprecipitated from simple ( Figure 6c , lane 1) or double ( Figure 6c, lanes 2 and 3) infections, demonstrated that the coexpression of either a or b subunit with CDC25B increased its phosphatase activity by 1.61-and 1.17-fold, respectively. This increase correlated with the phosphorylation level of CDC25B, as shown by electrophoretic mobility shift observed in Western-blot analysis (upper panel of Figure 6c ). The greater activation of CDC25B phosphatase activity observed in (2), CDC25B3 and CK2a (3), CDC25B3 and CK2b (4), CDC25B3 and CK2a/b (5). Right panel: 2.5 mg of total protein lysate were subjected to an immunoprecipitation with a polyclonal antibody raised against CK2a. In both panels, samples were separated by electrophoresis, transferred to nitrocellulose and analysed by Western-blot with a polyclonal antibody anti-CDC25B (upper part), monoclonal antibody anti-CK2a (middle part) and monoclonal antibody anti-CK2b (lower part). (b) Exponentially growing U 2 OS tTA cells, stably transfected with HA-CDC25B3 (2,3) or not (1), were maintained in the presence of tetracycline (2) or not (3) for 30 h. Cells were lysed, 100 mg of total proteins (left panel) or immunoprecipitates with an anti-CK2a (4 mg) were separated by electrophoresis and analysed by Western-blot using anti-HA antibodies (right part) or anti-CK2a and b antibodies. The asterisk indicates a nonspecific protein recognized by the anti-C-ter-CDC25B antibody in U 2 OS tTA cells CK2 regulates CDC25B phosphatase activity N Theis-Febvre et al Sf9 cells coinfected with CDC25B and CK2a in comparison to CDC25B/CK2 infection, could at first glance appear surprising. However, it has been shown that the a subunit binds to the promoter of the CK2b subunit gene, thereby positively regulating it (Robitzki et al., 1993) . When a and b subunits were expressed simultaneously with CDC25B3 a twofold increase was observed (Figure 6c, lane 4) . These results, combined with the in vitro results, clearly demonstrate that phosphorylation/association of CK2 kinase on CDC25B protein activates its phosphatase activity.
Discussion
Unlike that of other members of the CDC25 phosphatase family, the role of CDC25B in G2/M progression has not yet been fully defined. It is generally accepted that CDC25B plays the role of a starter at the entry into mitosis (Karlsson et al., 1999) . On the other hand, the exact physiological role of CK2 kinase in cell cycle control is not clear. Most studies have demonstrated a requirement in the early stages of the cell cycle (Pepperkok et al., 1994; Lorenz et al., 1999) , but it has also been shown that CK2 plays a role later in G2 and 
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S-methionine in vitro-translated CDC25B3 was immunoprecipitated using an antipeptide antibody raised against the carboxy-terminus of CDC25B. The immunoprecipitates were incubated in kinase buffer with cold ATP in the absence (À) or presence (+) of recombinant purified CK2 for 30 min at 301C. The samples were then subjected to phosphatase assay using FDP as substrate, as described in the materials and methods section. An aliquot of each sample was run on 8% SDS-PAGE and the autoradiography is presented. The phosphatase activity was quantified, normalized to CDC25B3 protein, and expressed as a fold of activation compared to the activity of CDC25B3 without CK2 kinase incubation. These results are representative of several independent experiments (m ¼ 1.370.053; Po0.02). (b) Phosphatase assay performed using CDK1/Cyclin B as substrate. Inactivated CDK1/Cyclin B, produced in etoposide-treated HeLa cells, was recovered on p13 beads and incubated with 10 ng of purified MBP-CDC25B3, wild type or mutant 2 (S186A/S187A/S188G), phosphorylated or not by CK2. The activity of CDC25B was monitored by determination of the histone H1 kinase activity. Lane 1: CDK1/Cyclin B, lane 2: CDK1/Cyclin B+MBP-CDC25B3, lane 3: CDK1/Cyclin B+MBP-CDC25B3 treated with 26 ng of CK2 kinase. (c) Sf9 cells were infected with baculoviruses expressing CDC25B3 alone (1), CDC25B3 and CK2a (2), CDC25B3 and CK2b (3) or CDC25B3, CK2a and CK2b (4). Cells were collected and lysates were subjected to an immunoprecipitation 30 h after infection using CDC25B antibodies. An aliquot of each sample was run on 8% SDS-PAGE then processed for CDC25B immunodetection. Phosphatase assay was performed using FDP as exogenous substrate. The activity was normalized to CDC25B3 quantity detected in Western-blot and expressed as a fold activation compared to CDC25B3 activity detected in the simple infection. These results are representative of four independent experiments CK2 regulates CDC25B phosphatase activity N Theis-Febvre et al M phases (Mulner-Lorillon et al., 1988; Padmanabha et al., 1990; Hanna et al., 1995; Rethinaswamy et al., 1998) .
In this study, we have shown that, in vitro, CK2 kinase phosphorylates specifically one of the two CDC25 phosphatases implicated in the regulation of the G2/M transition. Despite the fact that multiple potential phosphorylation sites for CK2 are present in both proteins, only CDC25B is phosphorylated. Two CK2 phosphorylation site residues, Ser-186 and Ser-187, were identified by mass spectrometry analysis on CDC25B3 protein coexpressed or not in vivo with CK2 kinase. Both sites are located in the B domain, in the Nterminal regulatory moiety of the phosphatase. In the present work, we could not detect any differences in the phosphorylation rate of the three CDC25B variants by CK2, despite the fact that the B domain was missing in CDC25B2. A careful examination of the CDC25B2 sequence indicates that a new potential phosphorylation site for CK2 kinase is created (S 151 MPD) when the B domain is absent. To confirm this hypothesis, we also analysed by mass spectrometry the phosphorylation sites on CDC25B2 coexpressed with CK2. This analysis identified two phospho-serine residues, located in CK2 consensus sequence: Ser151 and Ser189 (in B2 nomenclature) (data not shown). Thus, the deletion of the B domain reconstitutes one phosphorylation site (S 151 MPD) and probably induces a conformational change in the structure of the N-terminal part of CDC25B that unmasks an alternative phosphorylation site for the CK2 kinase (S 189 APD). To date, only the 3D structure of CDC25B catalytic domain is known (Reynolds et al., 1999) ; thus, the clarification of this issue will have to await the resolution of the complete structure of the enzyme. Furthermore, the N-terminal regulating domain of CDC25B alone (including interaction and phosphorylation sites) is not phoshorylated by CK2, which confirms once again that the overall conformation of the protein is important for the regulation of its phosphorylation.
We then demonstrated, in vitro as well as in vivo, the existence of an interaction between CDC25B phosphatase and CK2 kinase. This interaction is mediated by the b regulatory subunit of CK2. Similar interactions with the b subunit have been reported for CK2-specific substrates: p53 (Filhol et al., 1992) , FGF2 (Bonnet et al., 1996) , DNA Topoisomerase IIa , CD5 (Raman et al., 1998) , Nopp 140 (Li et al., 1997a) and the p21 protein (a CDK inhibitor) (Gotz et al., 2000; Romero-Oliva and Allende, 2001) . It is clearly established that on binding to CK2b, CK2a changes activity and substrate specificity. With respect to CDC25B phosphorylation, our results are in perfect agreement with this concept. The level of CDC25B phosphorylation increased threefold when the holoenzyme (a 2 b 2 ) was used. Thus, the binding of CDC25B to CK2b is a strong element, which demonstrates that CDC25B is a specific substrate for CK2 kinase. Using truncated constructs of CK2b, a region corresponding to the N-terminal part of the b subunit (amino acids 1-55) was defined as being responsible for CDC25B binding. It is interesting to note that different regions of the CK2b molecule are involved in substrate interactions. For p53, the binding region includes the sequence between amino acids 71-149, in the case of DNA Topoisomerase IIa a central region (amino acids 51-110) was implicated and for Nopp 140, the first Nterminal 20 amino acids. This diversity of docking sites on CK2b, which differ from the catalytic centre of the enzyme, may represent a mechanism by means of which the enzyme increases its selectivity for protein substrates (Schulman et al., 1998; Chantalat et al., 1999) . We also demonstrated that the region encompassing amino acids 123-200 of CDC25B contains the binding site for CK2b. Moreover, we can speculate that the interacting domain is restricted to the region between amino acids 123 and 153, a common region in the three CDC25B variants. We cannot exclude that a direct, but weak and transient, interaction with CK2a occurs, even if, in vitro, no interaction between CDC25B and CK2a was detected.
Finally, we have shown that when CDC25B is phosphorylated by CK2, its intrinsic phosphatase activity is increased in vitro as well as in vivo, when both enzymes are coexpressed. This result is important, as this is the first identification of a positive regulator of CDC25B phosphatase activity. The activation level of CDC25B may appear weak, with approximately twofold increase, but it could be sufficient to modulate correctly the CDC25B activity towards specific substrates. Indeed, using human recombinant CDC25B and CDC25C, we have shown that CDC25B phosphatase activity is already very high compared to the native CDC25C phosphatase activity, and similar to the maximal level that is reached upon CDC25C activation by CDK1/Cyclin B (Baldin et al., 2002) . We can also speculate that the phosphorylation of CDC25B by CK2 and/or the interaction between the two proteins may affect other properties of CDC25B such as the interaction with a particular substrate or its subcellular distribution.
In the light of the results presented here, we propose a working model in which a subpopulation of CDC25B associates with CK2 kinase and is phosphorylated, resulting in the upregulation of its catalytic activity. In turn, this pool of activated CDC25B may catalyse the activation of CDK1/Cyclin B. However, it is important to bear in mind that CDC25B could be implicated in other mechanisms controlling the entrance into mitosis and which still remain to be identified.
